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(15–30 day LC50) of Ni in two euryhaline crustaceans, the shrimp (Litopenaeus vannamei) and the isopod
(Excirolana armata). 96-h LC50 values were 41 μmol L−1 and 362 μmol L−1 for L. vannamei and 278 μmol L−1
and N1000 μmol L−1 for E. armata at 5 ppt and 25 ppt, respectively. Speciation analysis demonstrated that
complexationwith anions such as SO42−, HCO3− and Cl− at 25 ppt had a negligible effect on reducing the freeNi2+
ion component in comparison to 5 ppt. The salinity-dependent differences in acute Ni toxicity could not be
explained by differences in Ni bioaccumulation. Therefore, differences in physiology of the organisms at the
two salinities may be the most likely factor contributing to differences in acute Ni toxicity. Chronic LC50
values (2.7–23.2 μmol L−1) were similar in the two species, but salinity had no signiﬁcant effect, indicating that
water chemistry and osmoregulatory strategy do not inﬂuence chronic toxicity. However chronic (15-day)
mortality in both species could be predicted by acute (96-h) Ni bioaccumulation patterns., Ontario, Canada L8S 4K1. Tel.:
rd).
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Water chemistry can greatly alter the bioavailability of a metal and
its consequent toxicity (Di Toro et al., 2001). In general, free ionic
metal concentrations are reduced in high salinity environments in
comparison to low salinity or freshwater because of the increased
presence of complexing anions. For nickel (Ni) in sea water, the two of
importance are SO42− and Cl− (Sadiq, 1989). In addition, at higher
salinities, there should be increased competition with metal ions by
protective cations such as Na+, Mg2+ and Ca2+ for binding to sites at
the biotic ligand (Paquin et al., 2000; Janssen et al., 2003). Therefore,
salinity is thought to act protectively against the toxicity of many
metals, including Ni (Eisler, 1998).
Currently, Ni toxicity data tend to be less extensive than for other
divalent cationic metals (Eisler, 1998), especially in marine environ-
ments. Anthropogenic Ni entry into marine and estuarine waters can
occur via several means, including coastal mining efﬂuents, sewage
disposal, atmospheric deposition and marine mining and drilling
(Bryan, 1984). Ni levels can reach 0.04 μmol L−1 in the open ocean
and as high as 1.4 μmol L−1 in coastal and estuarine environments
where the conﬁned space causes greater Ni accumulation (Boyden,
1975).Euryhaline species are good model organisms to assess the
inﬂuence of salinity on Ni toxicity, as the effects of salinity are two-
fold: it affects the bioavailability of themetal, as well as the physiology
of the organisms. Euryhaline crustaceans such as the white shrimp,
Litopenaeus vannamei, and the cirolanid isopod, Excirolana armata, live
in tropical and subtropical areas of the world, where in the estuarine
environment salinity is not maintained at full seawater (~35 ppt) but
can range from 0 to 35 ppt. Therefore, both species may be required to
either osmoconform or to hyperosmoregulate at different salinities. In
general, aquatic organisms, including crustaceans (Bianchini et al.,
2003, 2004; Pedroso et al., 2007a,b; Pinho et al., 2007; Pinho and
Bianchini, 2010), are more sensitive to metal stress when they are
hyperosmoregulating, rather than when they are closer to their
isosmotic point (Grosell et al., 2007).
L. vannamei, formerly Penaeus vannamei, inhabits estuaries, salt
marshes and open oceans in the eastern Paciﬁc, from Sonora in Mexico
to northern Peru (Holthuis, 1980) and is currently heavily farmed in the
U.S. L. vannamei is an osmoconformer at salinities between 20 and
30 ppt, but hyperosmoregulates at salinities b20 ppt (Castille and
Lawrence, 1981; Lin et al., 2000; Sowers et al., 2006). E. armata lives in
intertidal zones of sandy beaches from Rio de Janeiro to Chubut
Province, Argentina (Thompson and Sánchez de Bock, 2007), however
cirolanid isopods of the genus Excirolana span the world and dominate
the supra-littoral and intertidal zones in terms of biomass and
abundance (Yannicelli et al., 2001). Little is known regarding the
osmoregulatory strategy of E. armata; however these crustaceans are
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(Santos and Bianchini, 1998) and a close relative, Idotea chelipes
osmoconforms between 14 and 25 ppt and hyper-osmoregulates
between 3 and 11 ppt (Lapucki and Normant, 2008).
Most marine invertebrates, including crustaceans maintain the
ionic composition of their haemolymph isotonic to the surrounding
water, with the exception of Mg which is often maintained at a
concentration much lower than the surrounding water, as narrow
changes in the extracellular concentration of Mg may cause very large
increases in intracellular Mg (Morritt and Spicer, 1993). Excess
intracellular Mg shuts off enzymes involved in the transfer of
phosphate groups (e.g. ATPases, phosphatases and kinases). As well,
at high levels, Mg has a narcotizing effect on crustaceans (Pantin,
1946), signiﬁcantly decreasing heart rate and movement. It is well
known that Ni commonly acts as an antagonist of Mg. This has been
observed in many species including mammals, birds, bacteria, fungi
(Eisler, 1998), and most recently trout, where Ni transport was
facilitated by Mg transporters (Pane et al., 2003a).
Currentmodels, such as theBiotic LigandModel (BLM) (Paquin et al.,
2000; Di Toro et al., 2001; Niyogi and Wood, 2004), utilize site-speciﬁc
water chemistry parameters to predict the bioavailability of themetal to
an organism and its subsequent toxicity. The basis of the BLM is to
understand the speciation of metals in different water chemistries, and
using this knowledge, in conjunction with knowledge of the binding
constants on target surfaces of organisms, to determine whether
sufﬁcient metal will bind on or in the organism to cause acute toxicity.
Short term metal burdens are used to predict longer term toxicity. At
present, there are several successful BLM's forNi in freshwater organisms
(Deleebeeck et al., 2007;Kozlova et al., 2009), but none toour knowledge
for Ni in organisms that live in estuarine and marine waters.
A complementary approach is the Tissue Residue Approach (TRA),
which originated in organic contaminant toxicology (McElroy et al.,
2010), and has worked well for predicting chronic Ni toxicity to at
least one freshwater organism, the amphipod Hyallela azteca
(Borgmann et al., 2001). The TRA predicts toxicity as a function of
metal levels within the organism, i.e. independent of water chemis-
tries and potentially, length of exposure. In addition, the TRA has been
proposed recently as a risk assessment tool by which metal burden in
a resistant, metal-accumulating organism can be used to predict the
fate of more sensitive organisms in a ﬁeld situation (Adams et al.,
2010). The TRA uses bioaccumulation as an endpoint, and from this,
bioconcentration factors (BCF) can be calculated, as the ratio of the
concentration of the metal in the organism to that in the water.
Application of the BCF approach to metals, especially putative
essential metals such as Ni, has been proven controversial (Radenac
et al., 2001; McGeer et al., 2003; DeForest et al., 2007).
With this background in mind, the present study aimed to identify
the relationship between salinity and Ni toxicity (both acute and
chronic) in two euryhaline crustaceans. More speciﬁcally, we asked
the following questions: (i) What are the acute (96-h) and chronic
LC50 (15 or 30-d) values for Ni at two different salinities (5 and
25 ppt) for the shrimp L. vannamei and the isopod E. armata? Both
species would be expected to hyperosmoregulate at 5 ppt but
osmoconform at 25 ppt. (ii) If differences in LC50 values occur at
the two salinities, can they be correlated to Ni speciation within the
water column, as would be expected by BLM theory? (iii) Can we
relate Ni bioaccumulation patterns to acute and/or chronic toxicity?
By BLM theory, early Ni bioaccumulation should be predictive of
chronic mortality, whereas the TRA would identify a Critical Tissue
Residue value indicative of chronic toxicity. (iv) What can bioconcen-
tration factors (BCFs) tell us about Ni regulation? (v) How do acute
and chronic Ni exposure affect essential ion homeostasis, with a
particular focus on Mg, in these two very different organisms?
Our approach was to conduct simultaneous acute and chronic
exposures, as tests performed in conjunction will help to explain toxic
effects (Watts and Pascoe, 2000). This information can be used toinform current attempts to improve water quality guidelines for Ni in
the marine and estuarine environment.
2. Methods
2.1. Experimental organisms
2.1.1. L. vannamei and E. armata
Post-larvae L. vannamei (common name: white shrimp; individual
weight of 0.2–2 g) were obtained from Universidade Federal do Rio
Grande, FURG, Estação Marinha de Aquacultura, Instituto de Oceano-
graﬁa (Rio Grande, RS, Brazil) and kept in static, aerated aquaria. E.
armata (individual weight of 0.002–0.010 g) were collected in sand
beaches at São José do Norte (RS, Brazil; water Ni concentration on
day of collection=0.09 μmol Ni L−1) and acclimated to laboratory
conditions (i.e. water chemistry, photoperiod and temperature) for
one week prior to salinity change.
2.1.2. Salinity acclimation and experimental conditions
Organisms were held in ﬁltered (0.45 μm mesh ﬁlter, Durapore
PVDF Membrane, Millipore, São Paulo, SP, Brazil) water from Cassino
Beach (Rio Grande, RS, Brazil; salinity≅35 ppt) and acclimated to the
appropriate salinity (either 5 or 25 ppt) by addition of distilled water
to achieve a salinity decrease of 2 ppt per day above 10 ppt and by
1 ppt per day below 10 ppt. Organisms were kept at the appropriate
salinity for a minimum of one week prior to experimentation. The
measured ionic compositions of the exposure media at the two
salinities were (in mmol L−1) for 5 ppt: Na+ (71), Cl− (85), Ca2+
(1.8), K+ (1.4), Mg2+ (5.8), SO42− (4.2), Ni (b0.05×10−5) with an
alkalinity of 38 mg l−1 as CaCO3, dissolved organic carbon (DOC) of
0.13 mg C L−1 and pH of 6.5. And at 25 ppt: Na+ (350), Cl− (392), Ca2+
(8.6), K+ (6.8), Mg2+ (25), SO42− (15), Ni (b0.04×10−5) with an
alkalinity of 240 mg L−1 as CaCO3, DOC of 1.1 mg C L−1 and pH of 7.0.
Temperature and photoperiod were ﬁxed at 20 °C and 12 L:12D,
respectively. Prior to experiment, organisms were fed daily to satiation
with a pellet diet composed of 10% crude protein, 38% carbohydrates,
7.5% ﬁber, 5% ash, 13% calcium and 3% phosphorus, containing a Ni
concentration of 58 μmol kg−1 dry wt.
2.2. Experimental set-up
All glass aquaria were acid-washed in 10% HNO3 and rinsed with
distilled water before use. Exposure media were made from ﬁltered
Cassino Beach water and diluted with distilled water as described
above. Desired Ni concentrations were prepared from a primary Ni
stock solution (25 mmol L−1 NiCl2.6H2O (Merck, Haar, Germany))
and allowed to reach equilibrium for 24 h in the exposure aquaria
before addition of organisms. Aquaria were lightly aerated and water
was changed daily with a similarly aged Ni solution and acid-washed
glassware. Non-ﬁltered and ﬁltered (0.45 μm) samples (1.5 mL) from
the different experimental media were collected daily for measure-
ment of Ni, Na+, Mg2+ and Ca2+ levels, and 50-mL water samples
were collected every 5 days for measurement of pH and DOC. All
samples were acidiﬁed to a ﬁnal concentration of 1% HNO3 (Suprapur,
Merck) for sample preservation.
L. vannamei exposures were conducted in 2-L aquaria; water was
aerated and changed daily. L. vannamei were fed daily with a pellet
diet (composition as above) one hour prior to water change to avoid
Ni complexation with the food. E. armata exposures were conducted
in 250-mL beakers, with no aeration and daily water changes. E.
armata were fed (same diet as above) twice per week, left to feed for
2 h and then water was changed.
2.2.1. Acute (96-h) and chronic (15- or 30-d) LC50s
Acute (96-h) LC50 values for L. vannamei were determined using
nominal Ni concentrations of 0, 1, 10, 33, 100, 333, 1000 μmol Ni L−1.
411E.M. Leonard et al. / Comparative Biochemistry and Physiology, Part C 154 (2011) 409–419Chronic (30-d) LC50 values for L. vannamei were determined using
nominal Ni concentrations of 0, 1, 3.3, 5.6, 10, 33 and 56 μmol Ni L−1.
For E. armata, 0, 1, 10, 33, 56, 100, 333, 1000 μmol Ni L−1 were the
nominal Ni concentrations employed for acute and chronic LC50
values. Measured total and dissolved Ni concentrations were within
10% of the nominal values and were used in all calculations. Each
concentration was tested in triplicate to assess both acute and
chronic toxicity. L. vannamei were fed daily and E. armata were fed
twice per week during the exposure. At the end of the 30-d (L.
vannamei) or 15-d (E. armata) chronic exposures, organisms were
patted dry and whole-body wet weights were obtained. Organisms
were digested at room temperature with 65% HNO3 (Suprapur,
Merck; 10 μL of HNO3 per mg of tissue wet wt). Digestion acid was
then diluted with 1% HNO3 solution made with Suprapur HNO3 and
Milli-Q water for later Ni, Na, Mg and Ca analyses.
2.2.2. Time-dependent Ni bioaccumulation and essential ion homeostasis
With a different subset of organisms, time-dependent sampling of
organisms occurred on days 0, 2, 4, 15, and 30 (only 15-d chronic
exposure for E. armata). For acute L. vannamei and acute and chronic E.
armata tests, the nominal Ni concentrations used were 0, 1, 10, 33, 56
(E. armata only), 100, 333 μmol Ni L−1. Chronic L. vannamei bioaccu-
mulationwas determined using nominal Ni concentrations of 0, 1, 3.3,
5.6 and 10 μmol Ni L−1. Five organisms were sampled to assess time-
dependent Ni bioaccumulation and essential ion homeostasis at each
point in time. Wet weights were documented and the digestion
protocol was followed as outlined above at each of these sampling
days.
2.3. Analytical techniques and calculations
Ni, Na, Mg and Ca concentrations in water samples and tissues
(whole-body) were analyzed by Flame Atomic Absorption Spectros-
copy (AAS, Avanta, 932 Plus — GBC, Hampshire, IL, USA) against
certiﬁed standards (Tritisol-Merck). The detection limit for measure-
ment of Ni was 0.09 μg Ni mL-1 (1.5 μmol L−1). Water pH and DOC
were measured using a Digimed DM 20 pH meter and a total organic
carbon analyzer (VCPN series; Shimadzu, Japan), respectively.
2.4. Calculations and statistical analyses
Data have been presented as means±SEM (n), where n is the
number of organisms. Measured total and dissolved Ni concentrations
along with speciﬁc water chemistries at 5 and 25 ppt were used to
estimate the free ionic nickel (Ni2+) concentrations and Ni2+ activity
using Visual MINTEQ software (ver. 3.0, beta, KTH, Department of
Land and Water, Resources Engineering, Stockholm, Sweden). The
active fraction is a measure of the effective activity of Ni in thesewater
chemistries, which is determined by concentration and by interac-
tions (attraction or repulsion) of other molecules in solution. The
NICA-Donnan model (Benedetti et al., 1995) was used in the model to
estimate the effect of DOC on Ni speciation. Acute and chronic LC50
values with 95% conﬁdence intervals were calculated using ToxCalc—
Toxicity Data Analysis Software v5.0.32 (Tidepool Scientiﬁc Software,
McKinleyville, USA). When the 95% CI of two LC50 values overlapped,
a simpliﬁed method (Litchﬁeld and Wilcoxon, 1949) was applied to
determine if they were signiﬁcantly different. Bioconcentration
factors (BCFs) were routinely calculated as the control concentration
(in non-exposed animals) subtracted from the concentration in Ni-
exposed animals divided by the dissolved Ni concentration in the
exposure medium. This calculation method was used instead of the
McGeer et al. (2003) calculations due to high background levels in the
organisms as well as the inability to measure low water Ni
concentrations in the control exposures. Statistically signiﬁcant
differences between two groups were evaluated by unpaired
Student's t tests (two-tailed). Comparisons amongst multiple treat-ment groups were assessed using a one-way analysis of variance
(ANOVA) followed by Fisher LSD Method. For all tests, statistical
signiﬁcance was allotted to differences with pb0.05.
3. Results
3.1. Acute and chronic LC50 values
Acute (96-h) LC50 values for L. vannameiwere approximately 9-fold
lower in 5 ppt versus 25 ppt (41 μmol L−1 and 362 μmol L−1 as
dissolved Ni, respectively; Table 1). This trend remained consistent
when considering the nominal, total, dissolved, free ion and active
fractions of the metal (Table 1). In contrast, chronic (30-d) LC50 values
were not signiﬁcantly different between 5 ppt (2.7 μmol L−1) and
25 ppt (7.6 μmol L−1), and this consistency was again independent of
the Ni fraction being examined (Table 1). Note that acute LC50 values
were approximately 15- and 50-fold higher than chronic LC50 values at
5 and 25 ppt, respectively (Table 1).
A similar trendwas observed in E. armatawhere acute (96-h) LC50
values were more than 3-fold lower in 5 ppt versus 25 ppt
(278 μmol L−1 and N1000 μmol L−1 as dissolved Ni respectively
Table 2). Note that organisms were not exposed to Ni concentrations
above 1000 μmol L−1 so as to retain environmental relevance. There
was a signiﬁcant difference between the acute (96-h) LC50 values at
the two salinities when assessing the nominal, total, dissolved, free
ion and active fractions of the metal. Chronic (15-d) LC50 values were
not signiﬁcantly different between 5 ppt (7.9 μmol L−1) and 25 ppt
(23 μmol L−1), and this trend was independent of the Ni fraction
being examined (Table 2). Acute LC50 values were 35- and N45-fold
higher than chronic LC50 values at 5 and 25 ppt, respectively
(Table 2).
3.2. Concentration-dependent Ni bioaccumulation
In L. vannamei, time-dependent Ni accumulation at days 0, 2, 4, 15
and 30 demonstrated that by day 2 bioaccumulation values were
representative of chronic values in the surviving shrimp (Fig. 1A, B). In
contrast, Ni bioaccumulation continued to increase over time in E.
armata (Fig. 1C, D).
Acute Ni bioaccumulation (96-h whole body burdens in surviving
animals) in both L. vannamei and E. armata demonstrated that as the
concentration of Ni increased in the exposure medium, more Ni
accumulated within the organism; however, there were no signiﬁcant
differences in Ni body burden within an exposure concentration
between the two salinities (Fig. 2A–D). In contrast, for chronic
exposures, in surviving L. vannamei at day 30, Ni bioaccumulation was
independent of exposure concentration and salinity, averaging
approximately 0.1 μmol g−1 wet wt, not signiﬁcantly different from
the mean value in non-exposed control animals (Fig. 2B). For E. armata
the chronic bioaccumulation pattern was different than in L. vannamei,
inasmuch as chronic Ni burden was not constant but rather followed a
similar pattern as acute, where an increase in the exposure medium
concentration resulted in an increase in Ni bioaccumulation (Fig. 2D).
However, again, Ni burden did not differ within an exposure
concentration at the two salinities (Fig. 2D).
Early Ni body burdens (at 96-h) were predictive of chronic (15-d)
mortality in both species, as Ni bioaccumulation gradually increased
with increasing mortality (Fig. 3A, B). It should be noted that 15-d
mortality was used for L. vannamei in Fig. 3A, as a more appropriate
comparison between the two organisms.
However, in L. vannamei, when 96-h body burdens were plotted
against 30-d mortality, whole body Ni had not exceeded background
Ni levels (~0.1 μmol Ni g−1 wet wt) in the organisms which survived
until day 30. Above this background level, the organisms could not
regulate or tolerate Ni on a chronic basis, resulting in high chronic
(30–d) mortality (Fig. 3C).
Table 1
Acute (96-h) and chronic (30-d) LC50 values (μmol L−1) for waterborne Ni toxicity in Litopenaeus vannamei.
Salinity Nominal Total Dissolved Ionic Active
Acute (96-h)
5 ppt 42 (25–69) 41 (25–67) 41 (25–66) 37 (23–61) 14 (8.6.1–23)
25 ppt 385* (270–540) 363* (255–510) 362* (254–508) 295* (207–415) 85* (59–119)
Chronic (30-d)
5 ppt 2.9 (1.8–4.1) 2.9 (1.9–4.2) 2.7 (1.7–4.0) 2.5 (1.6–3.7) 0.9 (0.6–1.4)
25 ppt 8.3 (2.3–24) 8.0 (1.9–25) 7.6 (1.7–25) 6.1 (1.4–19) 1.8 (0.5–4.9)
Acute (96-h) and chronic (30-d) LC50 values (μmol L−1) for waterborne Ni toxicity in Litopenaeus vannamei (n=7 per treatment, with 3 replicates) acclimated to 5 and 25 ppt. The
values are expressed as different fractions of Ni (nominal=desired exposure concentration, total and dissolved fractions=measured by FAAS, total fraction passed through 0.45 μm
ﬁlter to obtain dissolved fraction, and ionic and active fractions=speciated by Visual MINTEQ). The active fraction is a measure of the effective activity of Ni in these water
chemistries, which is determined by concentration and by interactions (attraction or repulsion) of other molecules in solution. 95% conﬁdence intervals are presented in brackets in
μmol L−1. * Indicates a signiﬁcant difference in LC50 values between the two salinities.
Table 2
Acute (96-h) and chronic (15-d) LC50 values (μmol L−1) for waterborne Ni toxicity in Excirolana armata.
Salinity Nominal Total Dissolved Ionic Active
Acute (96-h)
5 ppt 290 (214–357) 279 (206–342) 278 (205–342) 257 (190–316) 95 (69–118)
25 ppt N1000* N1000* N1000* N1000* N1000*
Chronic (30-d)
5 ppt 8.4 (2.1–17) 8.0 (2.0–17) 7.9 (2.0–16) 7.4 (1.8–15) 2.8 (0.7–5.8)
25 ppt 24 (12–45) 24 (12–44) 23 (11–42) 19 (9.0–34) 5.4 (2.6–9.9)
Acute (96-h) and chronic (15-d) LC50 values (μmol L−1) for waterborne Ni toxicity in Excirolana armata (n=5 per treatment, with 3 replicates) acclimated to 5 and 25 ppt. The
values are expressed as different fractions of Ni. The values are expressed as different fractions of Ni (nominal=desired exposure concentration, total and dissolved
fractions=measured by FAAS, total fraction passed through 0.45 μm ﬁlter to obtain dissolved fraction, and ionic and active fractions=speciated by Visual MINTEQ). The active
fraction is ameasure of the effective activity of Ni in these water chemistries, which is determined by concentration and by interactions (attraction or repulsion) of othermolecules in
solution. 95% conﬁdence intervals are presented in brackets in μmol L−1. * Indicates a signiﬁcant difference in LC50 values between the two salinities. Note organisms were not
exposed to Ni concentrations above 1000 μmol L−1 due to lack of environmental relevance.
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Acute bioconcentration factors (BCFs) for L. vannamei were 40–
60 l kg−1 wet wt. at 1 μmol L−1, but at 10 μmol L−1 signiﬁcantly
decreased by 85% and 80% in 5 ppt and 25 ppt, respectively (Fig. 4A).
Between 10 and 333 μmol L−1, acute BCFs did not change signiﬁcantly,
averaging approximately 5 l kg−1 wet wt., and were independent of
salinity (Fig. 4A). Chronic BCFs in surviving animals at 30-d exhibited
similar patterns to acute BCFs, and were again independent of salinity
(Fig. 4B).
A similar trend was observed for E. armata where acute and
chronic BCFs decreased with increasing exposure concentrations
(Fig. 4C and D). At 1 μmol L−1 acute BCFswere 153 and 336 l kg−1 wet
wt. for 5 and 25 ppt, respectively and decreased by 75 and 94% by
10 μmol L−1. In 5 ppt, the acute BCF continued to signiﬁcantly
decrease in the 33 μmol L−1 exposure. Above this concentration,
only slight variations in BCFs were observed (Fig. 4C). Chronic BCFs
showed a similar, less marked pattern across exposure concentrations
(Fig. 4D). At 5 ppt, the BCF signiﬁcantly decreased from 70 l kg−1 wet
wt. at an exposure concentration of 1 μmol L−1 to 35 l kg−1 wet wt. at
33 μmol L−1. At 25 ppt, the BCF signiﬁcantly decreased by 75% from
concentrations of 1 μmol L−1 to 10 μmol L−1, and remained constant
over higher exposure concentrations (Fig. 4D).
3.4. Essential ions homeostasis
Average Na values were 180 and 243 μmol g−1 wet wt for L.
vannamei in 5 and 25 ppt, respectively (Fig. 5A, B). At 25 ppt, whole
body Na levels were maintained across all exposure days and Ni
concentrations. However, at the lower salinity (5 ppt), L. vannamei Na
levels signiﬁcantly decreased by 70% from 170 μmol g−1 wet wt in the
controls to50 μmol g−1wetwt in the333 μmol Ni L−1 treatmentonday
4 (Fig. 5A). Mg whole body concentrations averaged 7.1 and
12 μmol g−1 wet wt at 5 and 25 ppt respectively (Fig. 5C, D). However,at 5 ppt, whole body Mg signiﬁcantly decreased by 60% in the
333 μmol Ni L−1 treatment on day 4 (Fig. 5C), and signiﬁcantly
decreased by 65% in the 10 μmol Ni L−1 treatment on day 15 (Fig. 5C).
At 25 ppt on day 4, there was a signiﬁcant 70% decrease in whole body
Mg in the 10 μmol Ni L−1 exposure (Fig. 5D). All signiﬁcant decreases in
Mg could be directly correlatedwith signiﬁcant increases inwhole body
Ni (Fig. 6A, B). There were no signiﬁcant differences in whole body Ca
concentrationswith increasedNi concentrations at either 5 or 25 ppt for
acute or chronic exposures in L. vannamei (Fig. 5E, F). Whole body Ca
concentrations averaged 91 and 138 μmol g−1 wetwt for L. vannamei in
5 and 25 ppt, respectively (Fig. 5E, F).
There were no signiﬁcant differences in whole body Na
(558 μmol g−1 wet wt at 5 ppt and 1260 μmol g−1 wet wt at
25 ppt), Mg (28 μmol g−1 wet wt at 5 ppt and 30 μmol g−1 wet wt
at 25 ppt) or Ca concentrations (282 μmol g−1 wet wt at 5 ppt and
865 μmol g−1 wet wt at 25 ppt) with increased Ni concentrations for
E. armata (data not shown).4. Discussion
4.1. Acute and chronic LC50 values for L. vannamei and E. armata
Currently, little is known regarding the impacts of Ni on marine
organisms. Therefore, acute and chronic toxicity of Ni in two
euryhaline crustaceans: the white shrimp, L. vannamei, and the
cirolanid isopod, E. armata, at two salinities (5 and 25 ppt) were
assessed. Salinity acts protectively against acute Ni toxicity with 96-h
LC50 values of 41 μmol L−1 and 362 μmol L−1 for L. vannamei and
278 μmol L−1 and N1000 μmol L−1 for E. armata at 5 ppt and 25 ppt,
respectively. The present results add to the growing body of evidence
that euryhaline marine invertebrates are more sensitive to acute
metal toxicity at low salinity than at high salinity (Jones, 1975;
McLusky et al., 1986; Verslycke et al., 2003; Tables 1 and 2). However,
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Ni as well as to examine both acute and chronic endpoints for Ni.
Speciation analysis demonstrated that the greater presence of anions
such as SO42−, HCO3− and Cl− (as predicted by Visual MINTEQ software,
ver. 3.0) at 25 ppt vs. 5 ppt only slightly reduced the free Ni2+ ion
component (freeNi2+=78% in25 ppt and89% in5 ppt) (Tables1 and2),
therefore complexation had only a minor inﬂuence on the difference
between acute LC50 values at the two salinities. The more pertinentinﬂuence can be attributed to greater cation competition (by higher
concentrations of Na+, Ca2+, and particularlyMg2+— see below) and/or
differences in the physiology of the organisms at the two salinities.
However, recent evidence for the marine teleost, Fundulus heteroclitus,
exposed to varying salinity, conﬁrmed that speciation and competition
analysis fail to account for the pattern of Cu sensitivity in seawater,
whereas there was a signiﬁcant correlation between Na gradients and
acute toxicity (Grosell et al., 2007). Similar ﬁndings were also reported
for the euryhaline copepod Acartia tonsa exposed to Ag (Pedroso et al.,
2007a) and Cu (Pinho and Bianchini, 2010). This supports the concept
that disruptionof osmoregulation (i.e. interferencewithNahomeostasis)
is the key contributor in acute Cu andAg toxicity. Therefore in the current
study, differences inphysiologyof theorganismsat the twosalinitiesmay
be themost likely factor contributing todifferences in acuteNi toxicity, as
both organisms are at their isosmotic point at 25 ppt and are
consequently osmoconforming, leading to more metal tolerance (Jones,
1975; Henry and Cameron, 1982; Sprague, 1985; Grosell et al., 2007;
Pedroso et al., 2007b; Pinho et al., 2007). At lower salinities such as 5 ppt,
these organismsmust hyper-osmoregulate by active transport processes
(Lin et al., 2000; Grosell et al., 2007; Pedroso et al., 2007b; Pinho et al.,
2007), and are in turn more sensitive (in terms of LC50 values) to metal
toxicity.
However, after 30-d exposure, salinity no longer signiﬁcantly affected
Ni toxicity (Tables 1 and 2) with 30-d LC50 values of 2.7 μmol L−1 and
7.6 μmol L−1 (n.s.) for L. vannamei (Table 1) and 15-d LC50 values of
7.9 μmol L−1 and 23 μmol L−1 (n.s.) for E. armata at 5 ppt and 25 ppt,
respectively (Table 2). This suggests that water chemistry as well as the
osmoregulatory strategy of L. vannamei and E. armata at the twodifferent
salinities does not inﬂuence chronic toxicity, which contradicts what
wouldbe expected by theBLMtheory.However, it shouldbenoted that if
there had been more intermediate Ni exposure concentrations, yielding
LC50 values with more precise conﬁdence intervals, there might have
been a signiﬁcant difference in chronic LC50 values between the two
salinities. Nevertheless, the much lower chronic LC50 values together
with the difference in acute and chronic ratios between the two salinities
suggest that acute and chronic toxicity mechanisms may be different.
This has been shown in the freshwater crustacean, Daphnia magna,
where the acute mechanism of Ni toxicity is Mg antagonism, however,
chronically Ni impaired respiratory function (Pane et al., 2003a,b). In
addition, both Heijerick et al. (2005) and De Schamphelaere and Janssen
(2004) showed, through the development of chronic BLMs for Zn andCu,
respectively, in the same species, D. magna, that competitive ions are
much less important than in acute BLMs. Therefore, the role that
competitive ions play in acute toxicity is greatly reduced in chronic
toxicity (Schwartz and Vigneault, 2007).
Currently there is a growing body of work related to metal toxicity
in euryhaline crustaceans (Bianchini et al., 2003, 2004; Pedroso et al.,
2007a,b; Pinho et al., 2007; Pinho and Bianchini, 2010; Martins et al.,
2011). Acute LC50 data for other shrimp species include Metapenaeus
ensis at 150 μmol L−1 (48-h, 30–34 ppt; Wong et al., 1993), which are
similar to the marine copepod, Tisbe holothuriae (Verriopoulous and
Dimas, 1988) and the larval crab, Cancer magister (34 ppt; Martin et al.,
1981). These values correlate well with acute LC50 values of both L.
vannamei and E. armata in the current study.
In contrast, much less information is available for metal toxicity in
E. armata. Bianchini et al. (2003, 2004) have reported a signiﬁcant
protective effect of salinity against acute waterborne Cu toxicity in E.
armata in the range of 1.5–30 ppt, in either the absence or the
presence of food in the water. Also, they showed that the mechanism
of acute Cu toxicity in isopods exposed to the metal in low salinity
(1.5 ppt) is associated with a whole body disturbance in essential ions
(Na+ and Cl−) homeostasis. In addition, previous studies on other
isopods have also shown that external stressors such as lower salinity
led to higher sensitivity to Zn, Cd and Cu, phenomena which appeared
to be related to osmotic disturbance in the haemolymph of these
organisms due to changes in gill structure (Jones, 1975). However, to
Niexpsosure (µmol l-1) Niexpsosure (µmol l-1)
Niexpsosure (µmol l-1)Niexpsosure (µmol l-1)
1 10 33 100 333
N
i b
io
co
nc
en
tra
tio
n 
fa
ct
or
0
20
40
60
80
5 ppt
25 ppt
1 3 5 10
N
i b
io
co
nc
en
tra
tio
n 
fa
ct
or
0
10
20
30
40
50
60
5 ppt
25 ppt
1 10 33 56 100 333
N
i b
io
co
nc
en
tra
tio
n 
fa
ct
or
0
10
20
30
40
50
200
300
400
500
5 ppt
25 ppt
1 10 33 56 100 333
N
i b
io
co
nc
en
tra
tio
n 
fa
ct
or
0
50
100
150
200
250
5 ppt
25 ppt
a
a
b
b
b b
b
b c
a
a
a
a
b b
a
a
b
bc
b
bc
b
bc
b
c
bc
a
b
ab
ac
c
c
d
cd
ac
A
L. vannamei - 4 day B   L. vannamei - 30 day
E. armata - 4 day
D
E. armata - 15 day 
C
Fig. 4. Bioconcentration factor (BCF=concentration of Ni in organism expressed in μmol kg−1 wet wt divided by the Ni concentration in exposuremedium expressed in μmol L−1) in
Litopenaeus vannamei at 96-h (A) and day 30 (B) and in Excirolana armata at 96-h (C) and day 15 (D). Values are means±S.E.M.; n=5–16 per treatment. Different letters denote
signiﬁcant differences in bioconcentration factors.
415E.M. Leonard et al. / Comparative Biochemistry and Physiology, Part C 154 (2011) 409–419our knowledge, there have been no acute or chronic Ni exposures to
isopods at varying salinity. In general, there is a requirement for more
chronic metal analysis on marine and estuarine crustaceans.
The CriterionMaximum Concentration (CMC— i.e. acute criterion)
and Criterion Continuous Concentration (CCC — i.e. chronic criterion)
in seawater outlined by the U.S. EPA (1985) for dissolved Ni are
1.3 μmol L−1 and 0.14 μmol L−1, respectively. The Canadian Water
Quality Guideline (chronic) by the CCME (2005) is 0.4 μmol Ni L−1.
Therefore, L. vannamei and E. armatawould be protected in both theU.S.
and Canada against acute and chronic Ni toxicity (Table 1), though the
margin of protection is considerably lower at 5 ppt than at 25 ppt.
4.2. Concentration-dependent Ni bioaccumulation and essential ion
homeostasis
The signiﬁcant difference between acute LC50 values at 5 and 25 ppt
for L. vannamei (Table 1) cannot be explained by a difference in tissue Ni
burden(Fig. 2A).However, onepossiblemechanismof acute toxicitymay
be theperturbationof thehomeostasis of the essential ion,Mg(Figs. 5C,D
and 6). All signiﬁcant decreases inwhole bodyMg can be correlatedwith
signiﬁcant increases in whole body Ni concentration at both salinities
(Fig. 6). Historically, Mg is recognized as a speciﬁc Ni antagonist in
physiological as well as toxicological studies (Pane et al., 2003a,b). More
speciﬁcally, Ni has been implicated as a competitive inhibitor of Mg
uptake via three different types of Mg transporters in the prokaryote,
Salmonella typhimurium (Snavely et al., 1991). Additionally, in D. magna,
long term Ni exposure led to a reduction in whole body Mg and
unidirectional Mg uptake (Pane et al., 2003a,b). In trout, Oncorhynchus
mykiss, elevated Mg reduced the unidirectional uptake of Ni across the
gastrointestinal tract (Leonard et al., 2009). Therefore, this interplay
between Ni and Mg may be a phenomenon not only in freshwater
organisms, but may also hold true in marine animals.In penaeid shrimps, Mg is maintained within narrow limits
(Geddes, 1975), where slight increases in extracellular Mg can
drastically affect intracellular Mg causing a narcotizing effect (Pantin,
1946), while slight decreases can interfere with the stability of RNA
and DNA, as well as interfere with enzymes involved in transferring
phosphate groups (Morritt and Spicer, 1993). Therefore Ni may be
replacing Mg at binding sites, destabilizing RNA and DNA and
disrupting enzyme function causing acute Ni toxicity.
In 5 ppt, the acute 70% depletion in whole body Mg correlated with
chronic mortality in the 333 μmol L−1 treatment for L. vannamei
(Fig. 5C). However, in 25 ppt, Mg homeostasis was restored in L.
vannamei, where this same 70% reduction (10 μmol L−1 treatment) in
whole body Mg returned to control values by day 15 of sampling time
(Fig. 5D). Similar trends have been observed in rainbow trout with
metals such as Cu, Zn, and Cd,where over a chronic exposure there is an
initial temporary loss of Na and Ca followed by a recovery to control
values, however, therewas a longer lag of recovery for Ca in comparison
to Na (McGeer et al., 2000). The authors suggested that this recovery
was aided by dietary uptake of the ions and/or linked to changes in gill
morphology (McGeer et al., 2000). The same ion recovery is observed in
freshwater rainbow trout, where Ni interferes acutely with Mg
reabsorption by the kidney, thereby increasing Mg loss through the
urine. This apparent antagonism disappears in chronic endpoints (Pane
et al., 2005). Aswell, Brix et al. (2004) showed that over a chronic (85-d)
exposure that Niwas not acting as an ionoregulatory toxicant, however,
there was some initial loss of Na, Ca and Mg.
In addition to acute Mg loss, there was signiﬁcant Na depletion
observed acutely at the lower salinity. This interplay between Na and
Ni is not as readily observed as the interactions between Mg and Ca
with Ni, however, Brix et al. (2004) observed a 15% reduction of
plasma Na in rainbow trout at 24-h in freshwater, suggesting a trend
for acute Na loss in freshwater or low salinity environments.
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armata in response to Ni exposure. In light of the higher tolerance of
E. armata, there may be an alternative mechanism of toxicity at the
higher metal concentrations.
As metal accumulation was measured in the whole body of both
crustaceans, it cannot be determined what fraction is associated with
soft tissue vs. the exoskeleton. It is well known that a fraction
(anywhere from 19 to 97%) of the accumulated metal can be
associated with the chitinous exoskeleton (Munger and Hare, 1997;
Keteles and Fleeger, 2001). The fate of the metal bound to the
exoskeleton is uncertain, however, it is hypothesized that the metal is
either adsorbed to the surface or is bound to the inner exoskeletal
matrix after being incorporated into the organism (White and
Rainbow, 1984). In the latter, shedding of the exoskeleton during
ecdysis may contribute to elimination of the metal (Reinfelder and
Fisher, 1994) or if the metal is bound to the procuticle, some fraction
may be mobilized and released into the tissues along with Ca prior to
ecdysis (Keteles and Fleeger, 2001). In a different shrimp species,
Palaemonetes pugio, 36–52% of the whole body Cu, Zn and Cd was
associatedwith the exoskeleton, however, the fate of metals following
ecdysis varied depending on the metal (Keteles and Fleeger, 2001).
Future studies would beneﬁt from determining the contribution of
binding to the exoskeleton on Ni toxicity and bioaccumulation.Contrary to current evidence that more metal-sensitive organisms
tend to be smaller (see Bianchini et al., 2002 and Grosell et al., 2002 for
reviews of species sensitivity distribution to Ag and Cu); the present
study shows the opposite, where the larger organism, L. vannamei, is
more sensitive to acute Ni toxicity. However, chronically, there is no
signiﬁcant difference between the LC50 values for the two species.
Freshwater studies have shown no correlation between Ni
exposure and disruption of whole-body Na homeostasis (Pane et al.,
2003a,b), however, variations in whole-body Ca are characteristic of
Ni exposures. Classically, Ni interacts antagonistically with Ca and is
an effective blocker of several different types of Ca channels
(McFarlane and Gilly, 1998; Todorovic and Lingle, 1998; Lee et al.,
1999). In addition, Ca has been shown to protect against waterborne
Ni toxicity in rainbow trout, O. mykiss, fathead minnows, Pimephales
promelas (Meyer et al., 1999; Deleebeeck et al., 2007) and the water
ﬂea, Daphnia pulex (Kozlova et al., 2009). However, this interaction
between Ni and Ca was not observed in these two marine
invertebrates. This may be explained by the active calcium metabo-
lism required in all crustaceans to undergo continuous molting of the
exoskeleton to allow for growth (Greenaway, 1985). Therefore,
regeneration of Ca throughout the molting cycle of these crustaceans
may allow for rapid Ca replenishment (Huner et al., 1979), allowing
internal Ca levels to be maintained.
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shrimp at relatively lowNi exposure levels in that there are only slight
variations in Ni whole body burden among the surviving shrimp
chronically exposed to different concentrations of Ni (control, 1, 3 and
5.6 μmol L−1 for 5 ppt and control, 1, 3 and 10 μmol L−1 for 25 ppt;
Fig. 2B as well as Fig. 1A, B). Total Ni concentrations were in good
agreement with previous studies on decapod crustaceans (Mwangi,
and Alikhan, 1993; Khan and Nugegoda, 2003), including L. vannamei
(Nunez-Nogueira and Botello, 2007), which shows the capacity to
regulate Ni. This Ni body burden of ~0.1 μmol g−1 wet wt. for chronic
exposures (Fig. 2C) may deﬁne a Critical Tissue Residue Threshold for
Ni in this species (Adams et al., 2010). Elevations above this level
resulted in high mortality over 30 days.
For L. vannamei and E. armata, chronic (15-d) mortality was well
predicted by early (96-h) bioaccumulation patterns (Fig. 3A, B). This
suggests that there is a relationship between bioaccumulation and
toxicity which could be used in the development of a BLM approach to
predict chronic Ni toxicity in marine and estuarine environments.4.3. Bioconcentration factors for Ni
Acute and chronic bioconcentration factors for L. vannamei and E.
armata followed a similar pattern where there was an inverse
relationship between BCFs and water concentrations, which suggests
that at lower environmentally relevant exposures, Ni is actively beingtaken up by the organism to meet metabolic needs (Philips and
Rainbow, 1989), but at higher toxic concentrations, internal Ni
concentrations are being regulated and therefore do not increase in
proportion to waterborne Ni levels (Figs. 3A–D). Meta-analyses have
shown that an inverse relationship is characteristic of all metals
(McGeer et al., 2003; DeForest et al., 2007). To the best of our
knowledge this is the ﬁrst study to examine BCF values in a marine
environment for Ni. Ni BCF patterns in these two euryhaline
crustaceans are following the general pattern for all metals.
5. Conclusions
Salinity acts protectively against acute Ni toxicity, where closer to
the isosmotic point of the organism, less toxicity occurs. This is in
contrast to organisms at lower salinities which are hyperosmoregulat-
ing and aremore sensitive to Ni toxicity. Salinity-dependent differences
in acute Ni toxicity cannot be explained by Ni bioaccumulation;
however, an acute mechanism of toxicity appears to be interference
with Mg and Na regulation in L. vannamei. Salinity does not affect
chronic Ni toxicity, suggesting that water chemistry as well as the
osmoregulatory strategy of L. vannamei no longer inﬂuence toxicity. All
fractions of the metal appear to equally predict metal bioavailability.
Chronic LC50's are much lower than acute LC50's and Ni bioaccumula-
tion patterns are very different, indicating that acute and chronic
toxicity mechanisms may differ. Assessing chronic (30-d) Ni bioaccu-
mulation patterns, L. vannamei regulates Ni at ~0.1 μmol g−1 wet wt.
Body burdens above this concentration eventually lead to death,
therefore deﬁning a Critical Tissue Residue threshold value for Ni in
this species formarine andestuarineenvironments. Chronicmortality in
E. armata can be predicted by early (96-h) bioaccumulation patterns.
BCF values for Ni in these two euryhaline species acclimated to 5 and
25 ppt follow the general inverse pattern with concentration as
described for virtually all metals by McGeer et al. (2003). Overall, in
these two euryhaline species, salinity is protective against acute Ni
toxicity; however chronic Ni toxicity is independent of salinity. These
species are protected by the current U.S. EPA and Canadian Water
Quality Criteria/Guidelines.
Acknowledgments
We wish to thank Dr. Derek Alsop and Sunita Nadella (McMaster
University, Hamilton, ON, Canada) for their expertise and help. This
research was supported by an award from the International
Development Research Centre (IDRC) and the Canada Research
Chair Program to AB and CMW. CMW is supported by the Canada
Research Chair Program. A. Bianchini is a research fellow from the
Brazilian CNPq (Proc. #304430/2009-9) and is supported by the
International Research Chair Program from IDRC.
References
Adams, W.J., Blust, R., Borgmann, U., Brix, K.V., DeForest, D.K., Green, A.S., Meyer, J.,
McGeer, J.C., Paquin, P., Rainbow, P.S., Wood, C.M., 2010. Utility of tissue residue
approach for predicting effects of metals on aquatic organisms. Integr. Environ.
Assess. Manag. 7, 75–98.
Benedetti, M.F., Milne, C.J., Kinniburgh, D.G., Van Riemsdijk, W.H., Koopal, L.K., 1995.
Metal ion binding to humic substances: application of the nonideal competitive
absorption model. Environ. Sci. Technol. 29, 446–457.
Bianchini, A., Grosell, M., Gregory, S.M., Wood, C.M., 2002. Acute silver toxicity in
aquatic animals is a function of sodium uptake rate. Environ. Sci. Technol. 26,
1763–1766.
Bianchini, A., Martins, S.E., Pedroso, M.S., Said, J.S., Spengler, A., 2003. Biotic ligand
model in fresh and sea water in Brazil. In: Lagos, G.E., Warner, A.E.M., Sánchez, M.
(Eds.), Health, Environment and Sustainable Development, Vol. II. Proceedings of
Copper 2003, The 5th International Conference, Santiago, Chile, pp. 543–552.
Bianchini, A., Martins, S.E.G., Barcarolli, I.F., 2004. Mechanism of acute copper toxicity in
euryhaline crustaceans: implications for the biotic ligand model. Int. Congr. Ser.
1275, 189–194.
Borgmann, U., Néron, R., Norwood, W.P., 2001. Quantiﬁcation of bioavailable nickel in
sediments and toxic thresholds to Hyallela azteca. Environ. Pollut. 111, 189–198.
418 E.M. Leonard et al. / Comparative Biochemistry and Physiology, Part C 154 (2011) 409–419Boyden, C.R., 1975. Distribution of some trace metals in Poole Harbour, Dorset. Mar.
Pollut. Bull. 6, 180–186.
Brix, K.V., Keithly, J., DeForest, D.K., Laughlin, J., 2004. Acute and chronic toxicity of
nickel to rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 23,
2221–2228.
Bryan, G.W., 1984. Pollution due to heavy metals and their compounds. In: Kinne, O.
(Ed.), Marine Ecology, 5. John Wiley and Sons, New York, NY.
Castille Jr., F.L., Lawrence, A.L., 1981. The effect of salinity on the osmotic, sodium and
chloride concentration in the hemolymph of euryhaline shrimp of the genus
Penaeus. Comp. Biochem. Physiol. A 68, 75–80.
CCME, 2005. Canadian Environmental Quality Guidelines update 5.0. Canadian Council
for the Ministers of the Environment, Winnipeg, Manitoba.
De Schamphelaere, K.A.C., Janssen, C.R., 2004. Development and ﬁeld validation of a
biotic ligand model predicting chronic copper toxicity to Daphnia magna. Environ.
Toxicol. Chem. 23, 1365–1375.
DeForest, D.K., Brix, K.V., Adams,W.J., 2007. Assessing metal bioaccumulation in aquatic
environments: the inverse relationship between bioaccumulation factors, trophic
transfer factors and exposure concentration. Aquat. Toxicol. 84, 236–246.
Deleebeeck, N.M.E., De Schamphelaere, K.A.C., Janssen, C.R., 2007. A bioavailability
model predicting the toxicity of nickel to rainbow trout (Oncorhynchus mykiss) and
fathead minnow (Pimephales promelas) in synthetic and natural waters. Ecotoxicol.
Environ. Saf. 67, 1–13.
Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P.R., Santore, R.C., 2001.
Biotic ligand model of the acute toxicity of metals. 1. Technical basis. Environ.
Toxicol. Chem. 20, 2383–2396.
Eisler, R., 1998. Nickel Hazards to Fish, Wildlife, and Invertebrates: A Synoptic Review.
1998–0001. Biological Science Report. United States Geological Survey, Biological
Resources Division, Washington, D.C.
Geddes, M.C., 1975. Studies on an Australian brine shrimp, Parartemia zietziana sayce
(Crustacea: Anostraca)-III. The mechanism of osmotic and ionic regulation. Comp.
Biochem. Physiol. A 51, 573–578.
Greenaway, P., 1985. Calciumbalance andmoulting in the crustacean. Biol. Rev. 60, 425–454.
Grosell, M., Nielsen, C., Bianchini, A., 2002. Sodium turnover rate determines sensitivity
to acute copper and silver exposure in freshwater animals. Comp. Biochem. Physiol.
C 133, 287–303.
Grosell, M., Blanchard, J., Brix, K.V., Gerdes, R., 2007. Physiology is pivotal for
interactions between salinity and acute copper toxicity to ﬁsh and invertebrates.
Aquat. Toxicol. 84, 162–172.
Heijerick,D.G.,DeSchamphelaere,K.A.C., VanSprang, P.A., Janssen,C.R., 2005.Developmentof
a chronic zinc biotic ligand model for Daphnia magna. Ecotoxicol. Environ. Saf. 62, 1–10.
Henry, R.P., Cameron, J.N., 1982. Acid-base balance in Callinectes sapidus during
acclimation from high to low salinity. J. Exp. Biol. 101, 255–264.
Holthuis, L.B., 1980. Shrimps and Prawns of the World. An Annotated Catalogue of
Species of Interest to Fisheries. FAO Catalogue. (271 pp).
Huner, J.V., Colvin, L.B., Reid, B.L., 1979. Whole-body cadmium, magnesium and
phosphorus levels of the California brown shrimp, Penaeus californiensis (Decapoda:
Penaeidae) as functions of moult stage. Comp. Biochem. Physiol. A 64, 33–36.
Janssen, C.R., Heijerick, D.G., De Schamphelaere, K.A.C., Allen, H.E., 2003. Environmental risk
assessment of metals: tools for incorporating bioavailability. Environ. Int. 28, 793–800.
Jones,M.B., 1975. Synergistic effects of salinity, temperatureandheavymetals onmortality
and osmoregulation inmarine and estuarine isopods (Crustacea).Mar. Biol. 30, 13–20.
Keteles, K.A., Fleeger, J.W., 2001. The contribution of ecdysis to the fate of copper, zinc and
cadmiumingrass shrimp,Palaemonetes pugioHolthius.Mar.Pollut. Bull. 42, 1397–1402.
Khan, S., Nugegoda, D., 2003. Australian freshwater crayﬁsh Cherax destructor
accumulates and depurates nickel. Bull. Environ. Contam. Toxicol. 70, 308–314.
Kozlova, T., Wood, C.M., McGeer, J.C., 2009. The effect of water chemistry on the acute
toxicity of nickel to the cladoceran Daphnia pulex and the development of a biotic
ligand model. Aquat. Toxicol. 91, 221–228.
Lapucki, T., Normant, M., 2008. Physiological responses of the isopod Idotea chelipes
from the Baltic brackish water. Comp. Biochem. Physiol. A 149, 299–305.
Lee, J.H., Gomora, J.C., Cribbs, L.L., Perez-Reyes, E., 1999. Ni block of three cloned T type
calcium channels: low concentration selectively blocks 1H. Biophys. J. 77, 3034–3042.
Leonard, E.M., Nadella, S.R., Bucking, C., Wood, C.M., 2009. Characterization of dietary Ni
uptake in the rainbow trout, Oncorhynchus mykiss. Aquat. Toxicol. 93, 205–216.
Lin, S.-C., Liou, C.-H., Cheng, J.-H., 2000. The role of the antennal glands in ion and body
volume regulation of cannulated Penaeus monodon reared in various salinity
conditions. Comp. Biochem. Physiol. A 127, 121–129.
Litchﬁeld, J.T., Wilcoxon, F., 1949. A simpliﬁed method of evaluating dose-effect
experiments. J. Pharmacol. Exp. Ther. 96, 99–113.
Martin, M., Osborn, K.E., Billig, P., Glickstein, N., 1981. Toxicities of ten metals to
Crassostrea gigas, Mytilus edulis embryos, and Cancer magister larvae. Mar. Pollut.
Bull. 12, 305–308.
Martins, C.M., Menezes, E.J., Giacomin, M.M., Wood, C.M., Bianchini, A., 2011. Toxicity and
tissue distribution and accumulation of copper in the blue crab Callinectes sapidus
acclimated to different salinities: in vivo and in vitro studies. Aquat. Toxicol. 101, 88–99.
McElroy, A.E., Barron, M.G., Beckvar, N., Driscoll, S.B.K., Meador, J.P., Parkerton, T.F.,
Preuss, T.G., Steevens, J.A., 2010. A review of the tissue residue approach for organic
and organometallic compounds in aquatic organisms. Integr. Environ. Assess.
Manag. 7, 50–74.
McFarlane, M.B., Gilly, W.F., 1998. State-dependent Ni block of a high-voltage activated
neuronal calcium channel. J. Neurophysiol. 80, 1678–1685.
McGeer, J.C., Szebedinszky, C., McDonald, D.G., Wood, C.M., 2000. Effects of chronic
sublethal exposure to waterborne Cd, Cd or Zn in rainbow trout. I Iono-regulatory
disturbance and metabolic costs. Aquat. Toxicol. 50, 231–243.
McGeer, J.C., Brix, K.V., Skeaff, J.M., Deforest, D.K., Brigham, S.I., Adams, W.J., Green, A.,
2003. Inverse relationship between bioconcentration factor and exposure concen-tration for metals: implications for hazard assessment of metals in the aquatic
environment. Environ. Toxicol. Chem. 22, 1017–1037.
McLusky, D.S., Bryant, V., Campbell, R., 1986. The effect of temperature and salinity on
toxicity of heavy metals to marine and estuarine invertebrates. Oceanogr. Mar. Biol.
Annu. Rev. 24, 481–520.
Meyer, J.S., Santore, R.C., Bobbitt, J.P., DeBrey, L.D., Boese, C.J., Paquin, P.R., Allen, H.E.,
Bergman, H.L., DiToro, D.M., 1999. Binding of nickel and copper to ﬁsh gills predicts
toxicity when water hardness varies, but free-ion activity does not. Environ. Sci.
Technol. 33, 913–916.
Morritt, D., Spicer, J.I., 1993. A brief re-examination of the function and regulation of
extracellular magnesium and its relationship to activity in crustacean arthropods.
Comp. Biochem. Physiol. A 106, 19–23.
Munger, C., Hare, L., 1997. Relative importance of waste and food as Cd sources to an
aquatic insect (Chaoborus punctipennis): implications for predicting Cd bioaccu-
mulation in nature. Environ. Sci. Technol. 31, 891–895.
Mwangi, S.M., Alikhan, M.A., 1993. Cadmium and nickel uptake by tissues of Cambarus
bartoni (Astacidae, Decapoda, Crustacea): effects on copper and zinc stores. Water
Res. 27, 921–927.
Niyogi, S., Wood, C.M., 2004. Biotic ligand model, a ﬂexible tool for developing site-
speciﬁc water quality guidelines for metals. Environ. Sci. Technol. 38, 6177–6192.
Nunez-Nogueira, G., Botello, A.V., 2007. Evaluación de la capacidad reguladora de
metales traza del camarón Penaeus vannamei y su importancia con la contamina-
ción costera. Instituto de Ciencias del Mar y Limnología, UNAM. (16 pp).
Pane, E.F., Richards, J.G., Wood, C.M., 2003a. Acute waterborne nickel toxicity in the
rainbow trout (Oncorhynchus mykiss) occurs by a respiratory rather than an
ionoregulatory mechanism. Aquat. Toxicol. 63, 65–82.
Pane, E.F., Smith, C., McGeer, J.C., Wood, C.M., 2003b. Mechanisms of acute and chronic
waterborne nickel toxicity in the freshwater cladoceran, Daphnia magma. Environ.
Sci. Technol. 37, 4382–4389.
Pane, E.F., Bucking, C., Patel, M., Wood, C.M., 2005. Renal function in the freshwater
rainbow trout (Oncorhynchus mykiss) following acute and prolonged exposure to
waterborne nickel. Aquat. Toxicol. 72, 119–133.
Pantin, C.F.A., 1946. Notes on Microscopical Techniques for Zoologists. Cambridge
University Press, U.K.
Paquin, P.R., Santore, R.C., Wu, K.B., Kavvadas, C.D., Di Toro, D.M., 2000. The biotic ligand
model: a model of the acute toxicity of metals to aquatic life. Environ. Sci. Policy 3,
175–182.
Pedroso, M.S., Bersano, J.G.F., Bianchini, A., 2007a. Acute silver toxicity in the euryhaline
copepod Acartia tonsa: inﬂuence of salinity and food. Environ. Toxicol. Chem. 26,
2158–2165.
Pedroso, M.S., Pinho, G.L.L., Rodrigues, S.C., Bianchini, A., 2007b. Mechanism of acute
silver toxicity in the euryhaline copepod Acartia tonsa. Aquat. Toxicol. 82, 173–180.
Philips, D.J.H., Rainbow, P.S., 1989. Strategies of trace metal sequestration in aquatic
organisms. Mar. Environ. Res. 28, 207–210.
Pinho, G.L.L., Bianchini, A., 2010. Acute copper toxicity in the euryhaline copepod
Acartia tonsa: implications for the development of an estuarine and marine biotic
ligand model. Environ. Toxicol. Chem. 29, 1834–1840.
Pinho, G.L.L., Pedroso, M.S., Rodrigues, S.C., Souza, S.S., Bianchini, A., 2007. Physiological
effects of copper in the euryhaline copepod Acartia tonsa: waterborne versus
waterborne plus dietborne exposure. Aquat. Toxicol. 84, 62–70.
Radenac, G., Fichet, D., Miramand, P., 2001. Bioaccumulation and toxicity of four
dissolved metals in Paracentrotus lividus sea-urchin embryo. Mar. Environ. Res. 51,
151–166.
Reinfelder, J.R., Fisher, N.S., 1994. Retention of elements absorbed by juvenile ﬁsh
(Menidia menidia,Menidia beryllina) from zooplankton prey. Limnol. Oceanogr. 39,
1783–1789.
Sadiq, M., 1989. Nickel sorption and speciation in marine environment. Hydrobiologia
176/177, 225–232.
Santos, E.A., Bianchini, A., 1998. Adaptações ﬁsiológicas de invertebrados e peixes. In:
Seeliger, U., Odebrecht, C., Castello, J.P. (Eds.), Os ecossitemas costeiro e marinho do
extremo Sul do Brasil. Editora Ecoscientia, Rio Grande, p. 326.
Schwartz, M.L., Vigneault, B., 2007. Development and validation of a chronic copper
biotic ligand model for Ceriodaphnia dubia. Aquat. Toxicol. 84, 247–254.
Snavely, M.D., Gravina, S.A., Cheung, T.T., Miller, C.G., Maguire, M.E., 1991. Magnesium
transport in Salmonella typhimurium. J. Biol. Chem. 266, 824–829.
Sowers, A.D., Young, S.P., Grosell, M., Browdy, C.L., Tomasso, J.R., 2006. Hemolymph
osmolality and cation concentrations in Litopenaeus vannamei during exposure to
artiﬁcial sea salt or a mixed-ion solution: relationship to potassium ﬂux. Comp.
Biochem. Physiol. A 145, 176–180.
Sprague, J.B., 1985. Factors that modify toxicity. In: Rand, G.M., Petrocelli, S.R. (Eds.),
Fundamentals of Aquatic Toxicology: Methods and Applications. Hemisphere Pub.
Comp., Washington, D.C, pp. 124–163.
Thompson, G.A., Sánchez de Bock, M., 2007. Population dynamics of Excirolana armata
(Isopoda: Cirolanidae) in Buenos Aires beaches, Argentina. Rev. Biol. Trop. 55,
131–140.
Todorovic, S.M., Lingle, C.J., 1998. Pharmacological properties of T-type Ca current in
adult rat sensory neurons: effects of anticonvulsant and anesthetic agents. J.
Neurophysiol. 79, 240–252.
U.S. EPA, 1985. Water quality criteria based on aquatic life criteria. Nickel EPA/5-86-
004.
Verriopoulous, G., Dimas, S., 1988. Combined toxicity of copper, cadmium, zinc, lead,
nickel, and chromium to the copepod Tisbe holothuriae. Bull. Environ. Contam.
Toxicol. 41, 378–384.
Verslycke, T., Vangheluwe,M., Heijerick, D., De Schamphelaere, K., Van Sprang, P., Janssen,
C.R., 2003. The toxicity of metal mixtures to the estuarine mysid Neomysis integer
(Crustacea: Mysidacea) under changing salinity. Aquat. Toxicol. 64, 307–315.
419E.M. Leonard et al. / Comparative Biochemistry and Physiology, Part C 154 (2011) 409–419Watts, M.M., Pascoe, D., 2000. A comparative study of Chironomus riparius Meigen and
Chironomus riparius Fabricius (Diptera: Chironomidae) in aquatic toxicity tests.
Arch. Environ. Contam. Toxicol. 39, 299–306.
White, S.L., Rainbow, P.S., 1984. Zinc ﬂux in Palaemon elegans (Crustacea, Decapoda):
molting, individual variation and tissue distribution. Mar. Ecol. Prog. Ser. 19,
153–166.Wong, C.K., Chu, K.H., Tang, K.W., Tam, T.W., Wong, L.J., 1993. Effects of chromium,
copper and nickel on survival and feeding behaviour of Metapenaeus ensis larvae
and postlarvae (Decapoda: Penaeidae). Mar. Environ. Res. 36, 63–78.
Yannicelli, B., Palacios, R., Gimenez, L., 2001. Activity rhythms of two cirolanid isopods
from an exposed microtidal sandy beach in Uruguay. Mar. Biol. 138, 187–197.
